Lignins are the most abundant aromatic compounds in nature, and their decomposition is essential to the terrestrial carbon cycle. White rot fungi secreting phenol oxidases are assumed to be involved in the initial degradation of native lignin, whereas bacteria play a main role in the mineralization of lignin-derived lowmolecular-weight compounds in soil. There are a number of reports on the degradation pathways for lignin-derived aromatic compounds, but their catabolism has not been enzymatically or genetically characterized. Sphingomonas paucimobilis SYK-6 is one of the best-characterized lignin-degrading bacteria. It can grow on a wide variety of lignin-related biaryls and monoaryls, including -aryl ether, biphenyl, diarylpropane, and phenylpropane. These compounds are degraded via the protocatechuate (PCA) 4,5-cleavage pathway or multiple 3-O-methylgallate (3MGA) catabolic pathways. In this review, the enzyme systems foraryl ether and biphenyl degradation, O demethylation linked with one carbon metabolism, the PCA 4,5-cleavage pathway, and the multiple 3MGA catabolic pathways in SYK-6 are outlined.
Lignins are complex phenolic heteropolymers produced from hydroxycinnamyl alcohols by radical coupling. They consist of phenylpropane units connected by various types of C-C and C-O-C bonds, and are recalcitrant to microbial degradation. In nature, phenol oxidases secreted from white-rot fungi, such as lignin peroxidase, manganese-peroxidase, and laccase, 1, 2) are assumed initially to attack native lignin. These enzymes act through radical reactions. Although several studies have yielded evidence of direct wood degradation by bacteria, bacteria generally play a main role in the mineralization of large amounts of lignin-derived lowmolecular-weight compounds in soils. 3, 4) Many researchers have estimated the bacterial degradation pathways for lignin-derived aromatic compounds, including those for the degradation of lignin-related biphenyl by strain FK-1, 5) Pseudomonas putida, 6 ) Pseudomonas fluorescens, 6) and Streptomyces viridosporus; 7) degradation of diarylpropane by strain FK-2 8) and P. fluorescens; 9) and degradation of -aryl ether by strain FK-2, 10, 11) Sphingomonas (Pseudomonas) paucimobilis,
12)
Delftia (Pseudomonas) acidovorans, 13) and Rhodococcus (Corynebacterium) equi. 14) However, the actual catabolic pathways of these compounds and responsible enzymes and genes remain unknown. Elucidation of the bacterial enzyme systems for lignin degradation is important not only for an understanding of the process of the carbon cycle on Earth, but also for providing useful tools for the conversion of lignins into intermediate metabolites of industrial value.
Sphingomonas paucimobilis SYK-6, which grows on a lignin-related biphenyl compound, 5, 5 0 -dehydrodivanillate (DDVA), as sole carbon and energy source, was isolated from a pond for the treatment of waste liquor from a kraft pulp mill. SYK-6 is capable of utilizing various types of lignin-derived biaryls, including biphenyl, -aryl ether, phenylcoumarane, and diarylpropane, as well as various types of lignin-derived monoaryls, including ferulate, vanillin, vanillate, syringaldehyde, and syringate. These versatile degradation activities toward various types of lignin-related compounds reflect the presence of a wide variety of enzyme This review was written in response to the author's The Japan Bioscience, Biotechnology, and Agrochemistry Society Award for the Encouragement of Young Scientists in 2005 .
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In this review, we focus on the following important reaction steps: (i) -aryl ether cleavage catalyzed by enantioselective glutathione S-transferases (GSTs); (ii) the biphenyl ring cleavage pathway; (iii) the ferulate catabolic pathway; (iv) O-demethylation systems of vanillate and syringate linked with one-carbon (C 1 ) metabolism; (v) the PCA 4,5-cleavage pathway; and (vi) multiple 3MGA catabolic pathways.
I. -Aryl Ether Cleavage Catalyzed by Enantioselective GSTs
The cleavage of -aryl ether is essential for biodegradation of lignin ( Fig. 1) , because -aryl ether is the most abundant linkage in lignin (50-70%). S. paucimobilis SYK-6 initially transforms a model -aryl ether compound, guaiacylglycerol--guaiacyl ether (GGE), to -(2-methoxyphenoxy)--hydroxypropiovanillone (MPHPV), and then the ether linkage of MPHPV is reductively cleaved to generate -hydroxypropiovanillone (HPV) and guaiacol. 15) This kind of reductive cleavage of -aryl ether was first reported in strain FK-2, 10, 11) and a similar reaction has also been reported in S. paucimobilis TMY1009 12) and D. acidovorans D 3 .
13)
To isolate the -etherase gene in SYK-6, the fluorescent substrate -O-(-methylumbelliferyl)acetovanillone (MUAV) was chemically synthesized. 15) A cosmid clone, which conferred ether cleaving activity toward MUAV on a host strain, S. paucimobilis IAM 12578, was isolated. 16) In this cosmid, the ligDFEG gene cluster, which is involved in the degradation of -aryl ether, was identified (Fig. 2) . [16] [17] [18] This gene cluster was found to form a single transcriptional unit (Y. Sato et al., SYK-6 is able to grow on various lignin-derived biaryls and monoaryls via the PCA 4,5-cleavage pathway and the multiple 3MGA catabolic pathways. The percentages are the ratios of the intermonomer linkages in native lignin. 101) Abbreviations: DDVA, 5,5 0 -dehydrodivanillate; OH-DDVA, 2,2 0 ,3-trihydroxy-3 0 -methoxy-5,5 0 -dicarboxybiphenyl; 5CVA, 5-carboxyvanillate; PCA, protocatechuate; CHMS, 4-carboxy-2-hydroxymuconate-6-semialdehyde; PDC, 2-pyrone-4,6-dicarboxylate; OMA, 4-oxalomesaconate; CHA, 4-carboxy-4-hydroxy-2-oxoadipate; 3MGA, 3-O-methylgallate; CHMOD, 4-carboxy-2-hydroxy-6-methoxy-6-oxohexa-2,4-dienoate; TCA, tricarboxylic acid.
unpublished results). The ligD gene encodes C-dehydrogenase (LigD), which oxidizes GGE to MPHPV and shows similarities to short-chain alcohol dehydrogenases. 19) Pelmont et al. purified a C-dehydrogenase for a -aryl ether compound from Pseudomonas sp. GU5. 20) Habu et al. also purified two C-dehydrogenases from TMY1009, DH-I, and DH-II, both of which oxidized diarylpropane and -aryl ether compounds. 21) DH-II showed the highest activity and affinity for the -aryl ether compound, whereas partially purified DH-I exhibited the highest activity and affinity for diarylpropane.
All the deduced amino acid sequences of ligE, ligF, and ligG showed similarity (less than 30% identity) with eukaryotic GSTs. The identities among LigE, LigF, and LigG were approximately 20%. In GSTs from the alpha, mu, pi, and sigma classes, a hydrogen bond from the hydroxyl group of active site N-terminal tyrosine residue stabilizes bound glutathione as a thiolate anion. 22, 23) The N-terminal serine residue is critical for enzyme activity in the theta class, 22) and the N-terminal Cys residue has been found to be a catalytic residue in E. coli GST. 23) A tyrosine residue is conserved in the N-terminal region among LigE, LigF, and LigG, but Ser and Cys residues are also found at the N-terminal end of these enzymes. Further study is necessary to determine the catalytic residue in LigE, LigF, and LigG. The catalytic residue of LigG is discussed below in this section.
The gene products of ligE and ligF showed ether cleavage activity toward both MUAV and GGE, but LigG showed no -etherase activity. 18) MPHPV was transformed by LigF and LigE to guaiacol and a glutathione conjugate, -glutathionyl-HPV (GS-HPV), suggesting that LigF and LigE catalyze the nucleophilic attack of glutathione on the carbon atom at the position of MPHPV (Fig. 3) . Chiral HPLC-circular dichroism analysis has indicated that LigF and LigE attacked different enantiomers (MPHPV I and II respectively) of a racemic MPHPV preparation. 18) On the other hand, the ligG product specifically catalyzed the elimination of glutathione from GS-HPV generated by the action of LigF (GS-HPV I).
18) The deduced amino acid sequence of ligG showed 20% identity with omega class GSTs. 24) GSTO 1-1 in this class from humans has glutathionedependent thiol transferase and dehydroascorbate reductase activities. An active site Cys32 of GSTO 1-1 can form a disulfide bond with glutathione, and Pro33 is thought to promote the positioning of Cys32 thiol for the stabilization of the thiolate form. 24) The presence of a Cys15-Pro16 sequence at the N-terminal end of LigG suggests a functional relationship between LigG and omega class GSTs. The organization of the SYK-6 catabolic genes for lignin-derived compounds are depicted by thick arrows. The genes shown encode the following proteins: ligD, C-dehydrogenase; ligF and ligE, -etherase (GST); ligG, GST; ferB2, feruloyl-CoA hydratase/lyase; ligW, 5CVA decarboxylase; ligX, a putative oxygenase component of DDVA O-demethylase; ligZ, OH-DDVA dioxygenase; ligY, hydrolase for metacleavage compound of OH-DDVA; ferB, feruloyl-CoA hydratase/lyase; ferA, feruloyl-CoA synthetase; desA, syringate O-demethylase; ligM, vanillate/3MGA O-demethylase; metF, 5,10-methylene-H 4 folate reductase; ligH, a putative 10-formyl-H 4 folate synthetase; ligW2, 5CVA decarboxylase; lsdA, a putative lignostilbene ,-dioxygenase; ligI, PDC hydrolase; ligK, CHA aldolase; ligR, a putative positive transcriptional regulator of PCA 4,5-cleavage pathway genes; ligJ, OMA hydratase; ligA and ligB, and subunit respectively of PCA 4,5-dioxygenase; ligC, CHMS dehydrogenase; desZ, 3MGA 3,4-dioxygenase; and desB, gallate dioxygenase.
Disruption of the ligF, ligE, and ligG genes in SYK-6 showed that ligF is essential to the conversion of one of the MPHPV enantiomers, MPHPV I, and alternative activities, which metabolize MPHPV II, GS-HPV I, and GS-HPV II are present in SYK-6. Tetrachlorohydroquinone dehalogenase (PcpC), a GST of a pentachlorophenol degrader, Sphingobium chlorophenolicum ATCC 39723, catalyzes both the glutathione conjugation and the elimination of glutathione from the glutathione conjugate.
25) The ligG gene is required for the degradation of -aryl ether due to a deficiency in the glutathione-removing activity of LigF. SYK-6 appears to have evolved the -aryl ether degradation operon by gathering three GSTs, each having a different enantioselectivity or function, to degrade all of the racemic substructures derived from lignin. GGE has four isomers depending on erythro and threo forms. Recently, we found that LigD specifically oxidizes the two isomers of GGE, and that two other isomers are oxidized by the alternative C-dehydrogenase (LigD2) (H. Moriuchi et al., unpublished results).
II. Biphenyl Catabolic Pathway
Biphenyl structure is included at approximately 10% in spruce lignin. DDVA has been used as a model biphenyl compound. In SYK-6, DDVA is initially O demethylated to generate 2,2 0 ,3-trihydroxy-3 0 -methoxy-5,5 0 -dicarboxybiphenyl (OH-DDVA) and one of two aromatic rings of OH-DDVA is cleaved, and then 5-carboxyvanillate (5CVA) is generated (Fig. 1) . Sonoki et al. found that the ligX gene is essential to the O demethylation of DDVA by SYK-6 (Fig. 2) .
26) The deduced amino acid sequence of ligX showed 26% identity to PobA, the subunit of phenoxybenzoate dioxygenase of Pseudomonas pseudoalcaligenes POB310. 27) This dioxygenase belongs to the class I dioxygenases, which consist of an oxygenase component (PobA) and a subunit (PobB) that acts as a ferredoxin and a ferredoxin reductase. LigX appears to be the oxygenase component of DDVA O-demethylase, and an unidentified reductase component gene appears to be required for DDVA O demethylation.
The ligZ gene encoding OH-DDVA dioxygenase (Fig. 2 ) was isolated from a cosmid clone, which complemented the growth ability on DDVA of a mutant lacking DDVA transformation activity.
28) The deduced amino acid sequence of ligZ showed 21% identity with the subunit (LigB) of protocatechuate 4,5-dioxygenase (LigAB) of SYK-6, which is classified in the type II extradiol dioxygenases (see sections V and VI). The substrate specificity of LigZ was examined with 2,2 0 ,3, 3 0 -tetrahydroxy-5,5 0 -dicarboxybiphenyl (DDPA), PCA, gallate, 2,3-dihydroxybiphenyl, catechol, and 3-methylcatechol in addition to OH-DDVA. Only oxygen consumption activities toward OH-DDVA and DDPA were observed.
The hydrolase gene (ligY) for the meta-cleavage compound of OH-DDVA is located approximately 1.4 kb downstream of ligZ (Fig. 2) .
29) The deduced amino acid sequence of ligY showed 35% identity with that of the 4-oxalomesaconate (OMA) hydratase gene (ligJ) of SYK-6 involved in the PCA 4,5-cleavage pathway (see section V). On the basis of the identification of the reaction product generated in H 2 18 O, it was concluded that ligY encodes a hydrolase, which converts the metacleavage compound of OH-DDVA into 5CVA.
The gene product of ligW catalyzes the decarboxylation of 5CVA to generate vanillate (Fig. 2) . The specific incorporation of deuterium from deuterium oxide was observed during the conversion of 5CVA into vanillate by LigW, indicating that LigW is a nonoxidative decarboxylase. 30) Disruption of ligW slightly affected the 5CVA decarboxylase activity and the growth rate on DDVA, suggesting the presence of an alternative 5CVA decarboxylase gene. A second 5CVA decarboxylase gene, ligW2, which shows 37% amino acid sequence identity with LigW, was isolated from SYK-6 ( Fig. 2 ).
31)
The evidence indicates that LigW2 is also a nonoxidative decarboxylase of 5CVA. LigW and LigW2 exhibited no sequence similarity toward the members of the nonoxidative aromatic acid decarboxylase families, including the 3-octaprenyl-4-hydroxybenzoate carboxylase (UbiD) family, the aldolase family, and the phenolic acid decarboxylase family. Recently, Ishii et al. proposed that 2,6-dihydroxybenzoic acid decarboxylase, Rdc, of Rhizobium radiobacter can be classified with LigW (LigW2) into a new family of nonoxidative aromatic acid decarboxylases. 32) In addition, LigW and LigW2 exhibited approximately 20% identity with OH-DDVA meta-cleavage compound hydrolase (LigY) and OMA hydratase (LigJ). A site-directed mutagenesis study suggested that Asterisks indicate asymmetric carbons. Abbreviations: GGE, guaiacylglycerol--guaiacyl ether; MPHPV, -(2-methoxyphenoxy)--hydroxypropiovanillone; HPV, -hydroxypropiovanillone; GS-HPV, -glutathionyl-HPV; GSH, glutathione; GSSG, glutathione disulfide.
His164 and His218 are essential for the decarboxylation activity catalyzed by Rdc. 32) Alignment of the amino acid sequences of Rdc with those of LigW2, LigW, LigY, and LigJ revealed that two corresponding His residues are completely conserved in these enzymes.
Based on characterization of the ligW, ligW2, and ligW ligW2 mutants, both genes were found to contribute to 5CVA degradation, although ligW2 plays the more important role in the growth of SYK-6 cells on DDVA. 31) Gene walking analysis indicated that ligW is located in a 18-kb DNA region with other DDVA catabolic genes, including ligZ, ligY, and ligX, 30) but that ligW2 is located downstream of the vanillate Odemethylase gene, ligM (Fig. 2) , 31) but the relationship of the locations of the DDVA gene cluster and ligW2 is unknown.
III. Ferulate Catabolic Pathway
Ferulate is the precursor of lignin biosynthesis, and cinnamate derivatives, including ferulate and p-coumarate, play important roles in the cross-linking of the cell walls of various glasses and represent up to 1.5% of the weight of their cell walls. 33) Thus cinnamate derivatives are expected to be used as bioresources.
Two types of ferulate side-chain cleavage have been reported for a number of microorganisms. 33) One type is catalyzed by nonoxidative decarboxylase, which eliminates one carbon from the ferulate side chain, resulting in the formation of 4-hydroxy-3-methoxystyrene. Another type eliminates two carbons from the ferulate side chain. Two enzymes involved in the side chain cleavage reaction have been reported for P. fluorescens AN103, 34) Pseudomonas sp. HR199, 35, 36) P. putida WCS358, 37) and Amycolatopsis sp. strain HR167. 38) The feruloylcoenzyme A (CoA) synthetase catalyzes the transfer of CoA to the carboxyl group of ferulate in the presence of ATP and Mg 2þ as cofactors. The resulting feruloyl-CoA is degraded by feruloyl-CoA hydratase/lyase, which hydrates feruloyl-CoA to form 4-hydroxy-3-methoxyphenoxy--hydroxypropionyl-CoA (HMPHP-CoA) and cleaves HMPHP-CoA to produce vanillin and acetylCoA (Fig. 1) . A Tn5 mutant of SYK-6, which was able to grow on vanillate but not on ferulate, was obtained, and a cosmid clone which complemented the growth deficiency of the mutant on ferulate was isolated. 39) In this cosmid, a feruloyl-CoA synthetase gene ( ferA) and a feruloyl-CoA hydratase/lyase gene ( ferB) were identified (Fig. 2) . The deduced amino acid sequence of ferA showed no significant similarity to the feruloylCoA synthetase genes ( fcs) of other ferulate degraders, while the sequence of ferB revealed 40-48% identity with those of the feruloyl-CoA hydratase/lyase genes of Pseudomonas and Amycolatopsis ferulate degraders. FerA, however, showed 31% identity with pimeloylCoA synthetase of Pseudomonas mendocina 35, which has been classified as a new superfamily of acyl-CoA synthetase (ADP forming) with succinyl-CoA synthetase. 40) In the case of nucleoside diphosphate (NDP)-forming acyl-CoA synthetases, a His residue is phosphorylated by nucleoside triphosphates to release NDP. 40) This phosphoryl group transfers to the substrate, and then the phosphoryl group is replaced by CoA. The amino acid sequence alignment of FerA with ADPforming acyl-CoA synthetase suggests that His270 of FerA might be phosphorylated during the reaction. On the other hand, the deduced amino acid sequence of the fcs genes of HR199 and HR167 showed similarity with those of AMP-forming acyl-CoA synthetase genes. These results indicate that the origin of ferA is completely different from those of the fcs genes of HR199 and HR167. The ferA type of feruloyl-CoA synthetase gene has also been reported in D. acidovorans.
41) The feruloyl-CoA synthetase activity of FerA was detected only in the presence of CoA, Mg 2þ , and ATP. FerA transformed ferulate, p-coumarate, caffeate, and sinapinate at similar rates. p-coumarate, caffeate, and sinapinate gave p-hydroxybenzaldehyde, protocatechualdehyde, and syringaldehyde respectively by FerA-catalyzed CoA ligation followed by FerB-catalyzed hydratation and cleavage. The formation rates of these benzaldehydes from cinnamate derivatives were at almost the same level. A ferB homolog, ferB2, was found upstream of ligW (Fig. 2) . The deduced amino acid sequence of ferB2 showed 49% identity with that of ferB, and the ferB2 gene product showed substrate specificity similar to that of FerB. Gene disruption of each fer gene in SYK-6 suggested that ferA is essential, and that both ferB and ferB2 are involved in ferulate degradation.
IV. Tetrahydrofolate-Dependent O-Demethylation Systems for Vanillate, Syringate, and 3-O-Methylgallate
In microbial degradation of lignin-derived aromatic compounds, vanillate and syringate are important intermediate metabolites. Vanillate and syringate are O demethylated by SYK-6 to produce protocatechuate (PCA) and 3-O-methylgallate (3MGA) respectively (Fig. 1) . Two types of aromatic demethylation systems have been documented. One is vanillate demethylase (VanA and VanB), which is a class IA oxygenase composed of an oxygenase containing an iron-binding site and a Riesketype [2Fe-2S] cluster, and a reductase containing a flavin and a [2Fe-2S] redox center. This type of demethylase is involved in vanillate degradation by all vanillate-utilizing aerobic bacteria, such as Pseudomonas and Acinetobacter, reported thus far. 37, [42] [43] [44] Another type is tetrahydrofolate (H 4 folate)-dependent aromatic O-demethylase, reported in anaerobic bacteria, including Acetobacterium dehalogenans, 45) Acetobacterium woodii, 46) and Moorella thermoacetica. 47) Vanillate O-demethylase of A. dehalogenans is composed of four distinct proteins. In its vanillate-degradation reaction, a methyl transferase I catalyzes transfer of the methyl moiety of vanillate to a corrinoid protein as primary methyl acceptor. A methyl transferase II catalyzes the subsequent transfer of the methyl group from the corrinoid protein to H 4 folate. The fourth protein is thought to be an activation protein that reduces accidentally oxidized corrinoid.
Syringate O-demethylase
In the case of SYK-6, H 4 folate has been found to be required for the O-demethylation activity of the cell extract of SYK-6 toward vanillate and syringate, and H 4 folate-dependent O-demethylases appeared to be involved in this reaction.
48) The syringate O-demethylase gene, desA of SYK-6, was isolated by the complementation of the growth deficiency of a Tn5 mutant on syringate.
49) The desA gene is located 929 bp downstream of ferA, encoding feruloyl-CoA synthetase (Fig. 2) . The deduced amino acid sequence of desA showed about 20% identity with aminomethyltransferase (T-protein, in a 325-amino-acid overlap), 50) dimethylglycine dehydrogenase (in a 369-amino-acid overlap), 51) sarcosine dehydrogenase (in a 246-amino-acid overlap), 52) and the -subunit of sarcosine oxidase (in a 202-amino-acid overlap). 53) All these enzymes catalyze the transfer of the aminomethyl or methyl moiety from the substrates to H 4 folate to form 5,10-methylene-H 4 folate. Amino acid sequence alignments of T-protein and the C-terminal half of dimethylglycine dehydrogenase with the C-terminal half of the subunit of Corynebacterium sarcosine oxidase revealed an evolutionary relationship among these enzymes. 53) DesA transformed syringate to 3MGA only in the presence of H 4 folate, and 5-methyl-H 4 folate was identified as a product of H 4 folate (Fig. 4) . In the reaction catalyzed by the H 4 folate-dependent multicomponent system of anaerobic bacteria, 5-methyl-H 4 folate is produced, but DesA and the anaerobic demethylase system are completely different types of O-demethylases, because DesA is able to catalyze the O demethylation of syringate and the transfer of the methyl moiety to H 4 folate by a single protein. Vanillate and 3MGA were also used as substrates for DesA, but the relative activities toward them were 3 and 0.4% of that toward syringate respectively. Disruption of desA in SYK-6 resulted in a growth deficiency on syringate, but the mutant was able to grow on vanillate, indicating that desA is essential to syringate degradation and that another H 4 folate-dependent Odemethylase is involved in vanillate degradation.
Vanillate/3MGA O-demethylase
The vanillate O-demethylase gene was isolated from a cosmid clone, which conferred the ability to transform vanillate into PCA on S. paucimobilis IAM 12578 (Fig. 2) . 54) In this cosmid, the ligM gene, whose deduced amino acid sequence showed 49% identity with that of desA, was found. The crude LigM enzyme produced in E. coli converted vanillate and 3MGA to PCA and gallate respectively, with similar specific activities, but only in the presence of H 4 folate; syringate, however, was not a substrate for LigM (Fig. 4) . Disruption of ligM led to significant growth retardation on both vanillate and syringate. The ability of the ligM mutant to transform vanillate decreased markedly, and this mutant completely lost 3MGA O-demethylase activity. These results indicate that ligM encodes vanillate/3MGA Odemethylase. A ligM desA double mutant completely lost the ability to transform vanillate, indicating that desA also contributes to vanillate degradation.
H 4 folate-mediated C 1 metabolism
The metF and ligH genes, thought to be involved in H 4 folate-mediated C 1 metabolism, are located just downstream of ligM (Fig. 2) . The ligH mutant completely lost its ability to grow on vanillate and syringate, but the cell extract of the ligH mutant grown on yeast extract transformed both vanillate and syringate in the presence of H 4 folate. 49) These results indicate that ligH is not directly involved in the O demethylation of vanillate and syringate. The high sequence similarity (60% identity) between ligH and 10-formyl-H 4 folate synthetase (FTHFS) of M. thermoacetica suggests that LigH is involved in H 4 folate-mediated C 1 metabolism as FTHFS (Fig. 4) . The deduced amino acid sequence of metF showed approximately 20% identity with 5,10-methylene-H 4 folate reductase of E. coli. Disruption of metF in SYK-6 resulted in growth deficiency on vanillate and syringate, but the cell extract of the metF mutant transformed vanillate and syringate in the presence of H 4 folate. In this reaction, a significant amount of 5-methyl-H 4 folate accumulated. 55) These results strongly suggest that metF encodes 5,10-methylene-H 4 folate reductase (Fig. 4) . It is most likely that the metF and ligH mutants lost growth ability on vanillate and syringate due to a deficiency in the regeneration of H 4 folate. SYK-6 shows only poor growth on PCA, the O-demethylation product of vanillate, as sole source of carbon and energy. This appears to be caused by auxotrophy for purines, N-formyl-methionyl tRNA, thymidylate, and methionine, whose synthesis requires C 1 -H 4 folate. SYK-6 was indeed able to grow well on PCA in the presence of 50 mg/liter of methionine. This result suggests that the O demethylation of syringate and vanillate is important to SYK-6 not only as an essential degradation step for these compounds, but also in supplying the 5-methyl-H 4 folate required for methionine biosynthesis. C 1 -H 4 folate required for the synthesis of other compounds than methionine might be supplied by 5,10-methylene-H 4 folate, which is ordinarily generated by the conversion of serine to glycine and from glycine cleavage. Since ligM-metF-ligH genes appear to constitute an operon, the transcription of ligM might be transcriptionally coupled with a part of the C 1 metabolic pathway genes.
V. Protocatechuate 4,5-Cleavage Pathway
PCA is one of the most important intermediate metabolites in the bacterial degradation pathways of various aromatic compounds. It is known that the aromatic ring opening of PCA is catalyzed by one of the three dioxygenase species: PCA 3,4-dioxygenase (3,4-PCD), 56, 57) 4,5-PCD, 58, 59 ) and 2,3-PCD. 60, 61) 3,4-PCD is the most extensively characterized enzyme, and the metabolic pathway for the 3,4-PCD product, -carboxy-cis,cis-muconate, into succinyl CoA and acetyl CoA, the -ketoadipate pathway, has been characterized in detail in Acinetobacter calcoaceticus, Pseudomonas putida, and Agrobacterium tumefaciens. 62) On the other hand, the PCA 4,5-and PCA 2,3-cleavage pathways are poorly understood. In the case of SYK-6, PCA is degraded through the PCA 4,5-cleavage pathway. This pathway was enzymatically characterized by Maruyama et al. [63] [64] [65] [66] and Kersten and co-workers. 67) In this pathway (Fig. 1) , PCA is initially transformed into 4-carboxy-2-hydroxymuconate-6-semialdehyde (CHMS) by 4,5-PCD (LigAB). CHMS is nonenzymatically converted to an intramolecular hemiacetal form and then oxidized by CHMS dehydrogenase (LigC). The resulting intermediate, 2-pyrone-4,6-dicarboxylate (PDC), is hydrolyzed by PDC hydrolase (LigI) to yield the keto form and enol form of 4-oxalomesaconate (OMA), which are in equilibrium. OMA is converted to 4-carboxy-4-hydroxy-2-oxoadipate (CHA) by OMA hydratase (LigJ). Finally, CHA is cleaved by CHA aldolase (LigK) to produce pyruvate and oxaloacetate.
Gene organization
The SYK-6 10.8-kb EcoRI fragment, which conferred the growth ability of P. putida PpY1100 on vanillate, contained all of the PCA 4,5-cleavage pathway genes (Fig. 2) . [68] [69] [70] [71] [72] [73] Reverse transcription (RT)-PCR suggested that the PCA 4,5-cleavage pathway genes of SYK-6 consist of four transcriptional units, including the ligKorf1-ligI-lsdA cluster, the ligJAB cluster, and the monocistronic ligR (encoding a LysR-type transcriptional regulator) and ligC genes. 73) However, our recent RT-PCR analysis suggested that the ligJABC genes constitute an operon (N. Kamimura et al., unpublished results) .
Recently, cloning of the PCA 4,5-cleavage pathway genes has been reported in Sphingomonas sp. strain LB126, 74) Arthrobacter keyseri 12B, 75) Comamonas testosteroni BR6020, 76) and Pseudomonas ochraceae NGJ1.
77) The gene organization of the PCA 4,5-cleavage pathway gene cluster is divided into two types (Fig. 5) . The organization of the PCA 4,5-cleavage pathway genes in Sphingomonas sp. LB126 is quite similar to that of SYK-6, which appears to constitute several transcriptional units. On the other hand, the organization and order of the PCA 4,5-cleavage pathway genes in C. testosteroni BR6020, A. keyseri 12B, and P. ochraceae NGJ1 are similar, and this type of gene cluster appears to constitute an operon. In the gene cluster of A. keyseri 12B, the pcmR gene, which encodes a putative LysR-type transcriptional regulator and is located divergently from the catabolic genes (pcm genes), appears to control the pcm genes, but the regulation of these two types of PCA 4,5-cleavage pathway genes has not yet been characterized.
4,5-PCD
4,5-PCD catalyzes the 4,5-cleavage of PCA to generate CHMS, which is thought to be in equilibrium between the open and cyclic hemiacetal form.
67) The subunit and subunit of 4,5-PCD are encoded by ligA and ligB respectively. 69) LigAB produced in E. coli exhibited activity toward PCA specifically (V max , 30.6 U/mg; K m , 75.0 mM) but showed some activity toward gallate (V max , 15.0 U/mg; K m , 381 mM) and 3MGA (V max , 0.925 U/mg; K m , 937 mM).
78)
Vaillancourt et al. have reported that the extradiol dioxygenases belong to at least three evolutionarily independent families. 79) Type I extradiol dioxygenases belong to the vicinal oxygen chelate superfamily, including 2,3-dihydroxybiphenyl 1,2-dixoxygenase of Burkholderia xenovorans LB400 and Pseudomonas sp. KKS102 and catechol 2,3-dioxygenase of P. putida mt-2. Type II extradiol dioxygenases include enzymes consisting of one (2,3-dihydroxyphenylpropionate 1,2-dioxygenase and homoprotocatechuate 2,3-dioxygenase of E. coli) or two different subunits (4,5-PCD of Sphingomonas, Comamonas, and Pseudomonas strains, and 2-aminophenol 1,6-dioxygenase of the Comamonas and Pseudomonas strains) (Fig. 6A) . Sugimoto et al. determined the three-dimensional structure of LigAB, The sequences of N. aromaticivorans DSM 12444, R. palustris CGA009, and M. magneticum AMB-1 were obtained from the genome sequences. Genes: ligA, fldV, pmdA, and proOa, -subunit gene of 4,5-PCD gene; ligB, fldU, pmdB, and proOb, -subunit gene of 4,5-PCD gene; pcmA, 4,5-PCD gene; ligC, pmdC, proD, and pcmB, CHMS dehydrogenase gene; ligI, fldB, pmdD, proL, and pcmC, PDC hydrolase gene; ligJ, fldW, pmdE, proH, and pcmD, OMA hydratase gene; ligK, fldZ, pmdF, proA, and pcmE, CHA aldolase gene; ligR, fldY, and pcmR, putative transcriptional regulatory gene; pmdK and proT, putative transporter gene.
which is an 2 2 tetramer. 80) The active site contains a nonheme iron coordinated by His12b, His61b, and Glu242b, and a water molecule located in a deep cleft of the subunit, which is covered by the subunit. His195b is thought to act as an active site base to facilitate deprotonation of the hydroxyl group of the substrate (Fig. 6B) . Type III enzymes belong to the cupin superfamily, which refers to a -barrel structural domain, including gentisate 1,2-dioxygenase of Comamonas testosteroni and 1-hydroxy-2-naphthoate dioxygenase of Nocardioides sp. KP7. All the Fe(II)-dependent extradiol dioxygenases whose crystal structures are available share similar active sites and all have the same iron ligands, two histidines and one glutamate (2-His-1-carboxylate structural motif).
79)

CHMS dehydrogenase
The deduced amino acid sequence of ligC 71) showed 19 to 20% identity with CbaC family enzymes, 81) which are dehydrogenases for carboxylic cis-dihydrodiol compounds involved in the degradation of 3-chlorobenzoate or phthalate in Alcaligenes, P. putida, and Burkholderia cepacia. The identities among these enzymes ranged from 45 to 64%, and they do not have any apparent relationship with group I (long-chain zinc-dependent enzyme), group II (short-chain zinc-independent enzyme), or group III (iron-activated enzyme) microbial NAD(P) þ -dependent alcohol dehydrogenases. 82) Among the enzymes related to the CbaC family, the amino acid sequence H-(X) 11 -K-H-V-L-X-E-K-P-X-A is conserved. 81) LigC contains the largest part of this conserved sequence. The CbaC family members also have the consensus sequence G-X-X-G-X-G at their N terminus, which is thought to be the dinucleotide-binding motif for NAD(P) þ . Production of PDC from CHMS catalyzed by LigC was confirmed in the presence of NADP þ . LigC is a homodimer, and the K m for NADP þ was estimated to be 24.6 mM, approximately 10 times lower than that for NAD þ . The K m for CHMS and the V max value in the presence of NADP þ were determined to be 26.0 mM and 383 U/mg respectively. Purified LigC showed features in common with CHMS dehydrogenase of P. ochraceae, 63, 83) including the subunit structure, molecular mass, pI, and kinetic parameters. Both enzymes were inhibited by the addition of sulfhydryl reagents, suggesting that the cysteine residue plays a key role in the enzyme reaction.
4. PDC hydrolase PDC hydrolase (LigI) catalyzes the interconversion between PDC and 4-oxalomesaconate (OMA). OMA is thought to be in equilibrium among the two isomeric enol forms and the keto form.
67) The ligI gene product, produced in E. coli, was purified to near-homogeneity and estimated to be a monomer (32 kDa).
70) The K m values for PDC and OMA are 74 and 49 mM respectively, and the V max values for PDC hydrolysis and PDC synthesis were 506 and 283 U/mg respectively. A higher affinity with OMA than with PDC and higher V max for PDC hydrolysis than for PDC synthesis are common features of the PDC hydrolases of SYK-6 and P. ochraceae. 65, 83) The PDC hydrolase activity of SYK-6, P. ochraceae, and C. testosteroni 67) was inhibited by the addition of thiol reagents, suggesting that the cysteine residue is a catalytic site. In = hydrolase fold enzymes, Sm (small amino acid)-X-Nuc (nucleophile)-X-Sm was proposed as the consensus sequence of the catalytic nucleophile. 84) Among the three cysteine residues of LigI, Cys76 might be the catalytic site, since the sequence Ala74-Ser75-Cys76-His77-Gly78 corresponds to the consensus of Sm-X-Nuc-X-Sm, and this sequence, except for Ser75, is conserved among the PDC hydrolases appearing in the database.
OMA hydratase
OMA hydratase (LigJ) catalyzes the conversion of OMA into 4-carboxy-4-hydroxy-2-oxoadipate (CHA). The ligJ gene product, produced in E. coli, was A, The scale corresponds to a genetic distance of 0.1 substitution per position (10% difference). Enzymes: DesB SYK-6, gallate dioxygenase of SYK-6 (BAD80871); GalA KT2440, gallate dioxygenase of P. putida KT2440 (AE016783); LigB SYK-6, subunit of 4,5-PCD of SYK-6 (BAA97118); ProOb NGJ1, subunit of 4,5-PCD of P. ochraceae NGJ1; PmdB BR6020, subunit of 4,5-PCD of C. testosteroni BR6020 (AAM09637); PcmA 12B, 4,5-PCD of A. keyseri 12B (AAK16524); FldU LB126, subunit of putative 4,5-PCD of Sphingomonas sp. LB126 (CAB87561); PhnC RP007, extradiol dioxygenase of Burkholderia sp. RP007 (AAD09870); CarBb CA10, catalytic subunit of 2 0 -aminobiphenyl-2,3-diol 1,2-dioxygenase of Pseudomonas resinovorans CA10 (BAA21731); MhpB K12, 2,3-dihydroxyphenylpropionate 1,2-dioxygenase from E. coli K-12 (CAA70748); MpcI JMP222, catechol 2,3-dioxygenase I of Ralstonia eutropha JMP222 (S10154); OhpD V49, 2,3-dihydroxyphenylpropionate 1,2-dioxygenase of Rhodococcus sp. V49 (AAF81826); EdoD I1, extradiol dioxygenase of Rhodococcus sp. I1 (CAA06875); HppB PWD1, 2,3-dihydroxyphenylpropionate 1,2-dioxygenase of Rhodococcus globerulus PWD1 (AAB81314); MhpB TA441, 3-(2,3-dihydroxyphenyl)propionate 1,2-dioxygenase of C. testosteroni TA441 (BAA82879); LigZ SYK-6, OH-DDVA dioxygenase of SYK-6 (BAA75884); DesZ SYK-6, 3MGA 3,4-dioxygenase of SYK-6 (BAC79261); HpaD W, homoprotocatechuate 2,3-dioxygenase of E. coli W (CAA86042); HpcB C, homoprotocatechuate 2,3-dioxygenase of E. coli C (CAA38985); AmnA CNB-1 and AmnB CNB-1, and subunits of 2-aminophenol 1,6-dioxygenase from Comamonas sp. CNB-1 (AAT35227 and AAT35226); AmnA JS45 and AmnB JS45, and subunits of 2-aminophenol 1,6-dioxygenase from Pseudomonas pseudoalcaligenes JS45 (AAB71525 and AAB71524); AmnA AP3 and AmnB AP3, and subunits of 2-aminophenol 1,6-dioxygenase from Pseudomonas sp. AP-3 (BAB03532 and BAB03531). B, The iron coordination sphere is a distorted tetragonal bipyramid with His12b, Glu242b, and O4 of PCA as equatorial ligands and His61b and O3 of PCA as axial ligands. The missing site appears to be the binding site for a dioxygen. The O4 of PCA is hydrogen-bonded to N" of His127b. His195b is thought to act as an active site base to facilitate deprotonation of the hydroxyl group of the substrate. 80) This figure was kindly provided by Dr. K. Sugimoto (Asahikawa National College of Technology). estimated to be a homodimer.
72) The K m for OMA and the V max were determined to be 138 mM and 440 U/mg respectively. The P. ochraceae enzyme has characteristics similar to LigJ, 85) but the K m and V max values of LigJ are approximately 10 and 3.7 times higher than those of the P. ochraceae enzyme respectively. OMA hydratase activity was inhibited by the addition of thiol regents, suggesting that some cysteine residue is part of the catalytic site.
CHA aldolase
The LigK enzyme produced in E. coli catalyzes the conversion of CHA to pyruvate and oxaloacetate and that of oxaloacetate to pyruvate and CO 2 .
73) The activity of -decarboxylation of oxaloacetate has been reported in CHA aldolase of P. ochraceae, 66) 4-hydroxy-4-methyl-2-oxoglutarate aldolase of P. putida, 86) and 2-keto-4-hydroxyglutarate aldolase of E. coli. 87) LigK is a hexamer, and the K m values for CHA and oxaloacetate are 11.2 and 136 mM respectively. The V max for CHA aldol cleavage (265 U/mg) is 20 times higher than that for oxaloacetate decarboxylation. Maruyama et al. found that P. ochraceae CHA aldolase showed specificity toward l-CHA, and that d-CHA also served as a substrate but less efficiently. 77) CHA aldolase activity was observed only in the presence of a divalent cation such as Mg 2þ , suggesting that CHA aldolase belongs to the class II aldolases, which require the metal ion. The addition of phosphate ion caused several fold of activation of CHA aldolase and oxaloacetate decarboxylase activity, as evident in most class II aldolases. 88) 7. Roles of the PCA 4,5-cleavage pathway genes in the catabolism of vanillate and syringate
Gene disruption of each of ligB, ligC, and ligI in SYK-6 lead to a growth defect on vanillate but not on syringate. 70, 71) These results indicate that ligAB, ligC, and ligI are essential to vanillate degradation in SYK-6. On the other hand, disruption of ligJ and ligK individually in SYK-6 caused a growth defect on both vanillate and syringate, and accumulation of OMA was observed when the ligJ mutant was incubated on vanillate or syringate. 72, 73) This suggests the presence of pathways in which syringate is converted into OMA via 3MGA but is not metabolized through PDC (Fig. 1) .
Other genes
LigR has similarities to the LysR-type transcriptional regulator. 89) Inactivation of ligR in SYK-6 retarded the growth of SYK-6 on vanillate and syringate. Therefore, LigR appeared positively to regulate the expression of PCA 4,5-cleavage pathway genes. 73) Downstream of ligI, a gene homologous to the lignostilbene-,-dioxygenase (LSD) genes of S. paucimobilis TMY1009 was found. Four LSD isozymes, which are composed of (LsdA homodimer), (LsdA and LsdB heterodimer), (LsdB homodimer), and , were purified from TMY1009, and these enzymes were shown to catalyze the cleavage of interphenyl double bonds of lignostilbenes. 90, 91) ORF1 is similar to a protein of unknown function (pfam04303). Since the ORF1 mutant of SYK-6 did not grow on vanillate or syringate, this gene appeared to be essential to the degradation of these compounds. ORF2 is similar to 3-hydroxyisobutyrate dehydrogenase and related -hydroxyacid dehydrogenases (COG2084.2), but disruption of ORF2 did not affect the growth of SYK-6 on vanillate. It is interesting, however, that an ORF corresponding to SYK-6 ORF2 is located in the PCA 4,5-cleavage pathway gene clusters in Sphingomonas sp. LB126, N. aromaticivorans DSM 12444, R. palustris CGA009, and M. magneticum AMB-1, all of which belong to -proteobacteria (Fig. 5) .
VI. Multiple Pathways for 3-O-Methylgallate Catabolism
It was assumed previously that 3MGA is degraded by 4,5-PCD to form PDC and is further degraded via the PCA 4,5-cleavage pathway, but characterization of the mutants of PCA 4,5-cleavage pathway genes indicated the presence of pathways in which 3MGA is converted to OMA but not metabolized through PDC in SYK-6.
3MGA 3,4-dioxygenase
A specific ring cleavage dioxygenase for 3MGA has been reported only in Acinetobacter lwoffii 92) and Pseudomonas putida TMC, 93) but the enzyme and gene have not been characterized. The desZ gene, which confers 3MGA degradation activity on E. coli, was isolated from SYK-6 (Fig. 2) .
94) The deduced amino acid sequence of desZ showed about 20-40% identity with the type II extradiol dioxygenases (Fig. 6A ). 4-carboxy-2-hydroxy-6-methoxy-6-oxohexa-2,4-dienoate (CHMOD) was detected as a reaction product from 3MGA catalyzed by purified DesZ; therefore, it was concluded that desZ encodes a 3MGA 3,4-dioxygenase (Fig. 1) . In the reaction mixture of DesZ, production of PDC was also observed. CHMOD has been shown to undergo spontaneous cyclization to PDC with the attack of an enolate oxygen on the ester carbonyl group and the release of methanol. 92) Because PDC was detected at the start of the reaction catalyzed by DesZ, it appeared to be a direct product from 3MGA in addition to CHMOD (Fig. 1) . The K m and V max values for 3MGA were 210 mM and 3.6 U/mg respectively. DesZ showed relatively high dioxygenase activity for 3MGA and gallate, but approximately 10 times lower activity than that for 3MGA was detected when PCA was used as a substrate. In the amino acid sequences of DesZ and OH-DDVA dioxygenase (LigZ), the putative catalytic base (His250 in DesZ and His254 in LigZ) was conserved, but the residues corresponding to His61b in LigB, which constitutes a 2-His-1-carboxylate structural motif, 79) were missing.
Disruption of desZ resulted in a decrease in 3MGA transformation activity and a slight decrease in the growth rate on syringate. This suggested the involvement of desZ in syringate degradation. The desZ ligB double mutant completely lost dioxygen-dependent 3MGA transformation activity, but retained the ability to grow on syringate. On the basis of these results and on the facts that LigM catalyzes the O demethylation of 3MGA as well as vanillate and that the desZ ligB mutant retained gallate dioxygenase, the existence of the 3MGA degradation pathway via gallate is probable (Fig. 1). 
94)
2. Gallate dioxygenase Specific ring cleavage dioxygenase activity with gallate has been reported in a syringate degrader, Pseudomonas putida, 95) but the enzyme and gene have not been characterized. The desB gene, which confers gallate degradation activity on E. coli, has been isolated (Fig. 2) .
78) The primary structure of desB consists of contiguous DNA segments corresponding to the PCA 4,5-dioxygenase -and -subunit genes, which are joined to form a single gene in the order -. The residues His12, His59, Glu239, and His192, corresponding to His12b, His61b, Glu242b, and His195b respectively of LigB, were conserved in DesB, suggesting that DesB belongs to the type II extradiol dioxygenases, and the N-terminal region of DesB appears to form the active center (Fig. 6B) . The C-terminal region of DesB is thought to be responsible for the function of LigA. 80) Purified DesB was estimated to be a homodimer and to be specific to gallate. OMA was identified as a reaction product from gallate catalyzed by DesB (Fig. 1) . The K m for gallate and the V max of DesB were determined to be 67 mM and 43 U/mg respectively. Although DesZ and LigAB showed activity toward gallate, the V max =K m of DesZ and LigAB for gallate were only 1.2% and 6.1% of the values of DesB for gallate respectively. This fact suggests that DesB plays a major role in gallate degradation in SYK-6 cells. At almost the same time, the gallate dioxygenase gene, galA, of Pseudomonas putida KT2440 was isolated and characterized. 96) The galA gene showed a primary structure similar to that of desB, and the deduced amino acid sequence of galA exhibited 58% identity to that of desB (Fig. 6A) . The K m value of GalA for gallate was 2.2-fold that of DesB, but the V max values were similar. The most striking difference is their oligomeric state: DesB is a homodimer whereas GalA is a homotrimer.
The desB mutant of SYK-6 grew on syringate, but the rate of growth on syringate was markedly decreased and gallate accumulated in the culture. Furthermore, the desB desZ ligB triple mutant and the desB ligB double mutant completely lost the ability to grow on syringate. Based on analysis of the mutants lacking the genes involved in syringate degradation, the 3MGA catabolic pathway is summarized as follows: (i) conversion of 3MGA to OMA via gallate in the reaction catalyzed by LigM and DesB or LigAB; (ii) conversion of 3MGA to OMA via CHMOD in the reaction catalyzed by DesZ and a hydrolase; and (iii) conversion of 3MGA to PDC in the reaction catalyzed by LigAB and DesZ (Fig. 1) . Among these pathways, the first pathway, involving DesB and LigM, appears to be the major pathway.
VII. Concluding Remarks
Sphingomonas paucimobilis SYK-6 is a unique strain in that it grows on a wide variety of lignin-derived biaryls by using various enzyme systems. Even in the presence of methionine, this strain cannot grow well on sugars or organic acids as sole source of carbon and energy, suggesting that SYK-6 adapted its metabolic system to an environment in which lignin-derived aromatic compounds could be utilized as a major carbon source. This study indicates for the first time the outline of an entire lignin degradation system by a bacterium. Enantioselective GSTs involved in -aryl ether cleavage, O-demethylation systems linked with C 1 metabolism, and multiple ring cleavage dioxygenases should be emphasized as components of prominent bacterial strategies for the degradation of lignin-derived compounds. Further studies on the regulation of the genes characterized here and the uptake system of the ligninderived compounds are necessary to gain a deeper understanding of the bacterial catabolism of ligninderived aromatic compounds.
As for applications, creation of novel bio-based polymers from PDC, an intermediate metabolite in the PCA 4,5-cleavage pathway, is expected. PDC has a unique structure containing a pyran ring with two carboxylic acid groups, and conversion of the carboxyl groups into derivatives makes it a potential raw material for various novel bio-based polymers. Shigehara et al. synthesized PDC polyester and polyamide, [97] [98] [99] and the PDC polyesters were shown to be a powerful adhesive. PDC production from lignin and its development into a highly functional polymer appear to be a realistic utilization of lignin as a bioresource. To establish the efficient production of PDC from PCA, a recombinant strain of Pseudomonas putida PpY1100 carrying ligABC was constructed. 100) This strain stably produced PDC with a yield of more than 10 g/liter from PCA. In the future, a lignin conversion system combined with the chemical decomposition of lignin and a bioreactor converting the low-molecular-weight lignin into PDC should be developed.
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